Ultraviolet photoelectron spectroscopy has been used to determine the energy level alignment at interfaces of molecular hole-transporting materials and various conductive substrates. Depending on the work function of the substrate,  s , a transition between two different energy level alignment regimes has been observed: namely vacuum level alignment and Fermi level pinning. The transition is associated with spontaneous positive charge transfer across the interface to the organic semiconductors above a certain material-specific threshold value of  s . The charge transfer results in formation of an interfacial dipole of a magnitude that scales with  s . In the vacuum level alignment regime, the hole-injection barriers scale linearly with  s , while in the Fermi level pinning regime, these barriers are constant and independent of  s .
Introduction
Thin film architecture of organic light emitting diodes (OLEDs) encompasses multiple inorganic-organic and organic-organic junctions, the properties of which have a strong impact on device performance. For this reason, much of the effort in organic electronics has been focused on understanding and modification of the electronic properties of the interfaces [1] [2] [3] [4] [5] . The most common inorganic-organic interface is comprised of a conductive electrode and an organic hole (electron) transporting layer, often denoted as the HTL (ETL) [6] . At such interfaces, the magnitude of the barrier for charge injection depends on the energy level alignment between the Fermi level of the electrode and the highest (lowest) occupied (unoccupied) molecular orbital HOMO (LUMO) of the transport layer. Under the assumption of common vacuum levels (Schottky-Mott limit) the estimates of the hole-injection barrier E V F can be made when ionization potential (IP) of an HTL and the work function ( s ) of an anode are known (see Fig. 1a ). Often, due to formation of chemical bonds, charge transfer or a "pushback" effect, the interfacial dipole is formed [1, 2, 5, 7, 8] , which manifests itself as a vacuum level offset (denoted as Δ). This, in turn, negates the assumption inherent in the Schottky-Mott limit and affects E V F accordingly, thus determining the magnitude of Δ, as shown in Fig. 1b . Therefore, in the process of developing OLEDs this effect must be taken into account.
The benefit of a good match between electrode work function  s and the IP of an HTL may be hindered by a negative vacuum level shift that occurs at the corresponding interface. Such a shift pushes the occupied electronic levels away from the substrate Fermi level. This effect seems to be particularly significant for the interfaces with reactive or high work function, atomically clean metal surfaces, i.e., metals with a large surface dipole contribution to the work function [7] , [9, 10] . Polymer-based high work function materials, such as the common electrically conducting polymer PEDOT-PSS
[or poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonic acid)], have been reported to lead towards more favorable energy level alignment with hole transporting materials [8, 11] . However, significant vacuum level shifts, preventing reduction of hole-injection barrier, have been observed also for polymeric substrates [10] .
To gain further understanding of this A range of inorganic and organic materials was chosen for substrates to span wide variation of provides substrates with a work function as high as 5.8 eV [12] . Note, that the work function of PEDOT-PFESA exceeds the IPs of m-MTDATA and NPB, which, within
Shottky-Mott limit, should correspond to barrier-less injection.
Experimental
The various interfaces have been prepared in situ under ultra high vacuum Ultraviolet photoelectron spectroscopy (UPS) was employed to examine the correlation between the substrate work function and the energy level alignment at the interfaces of HTL. This technique is especially suited for such studies, since it enables direct probing of the occupied valence electronic levels as well as the vacuum levels, and therefore also vacuum level shifts, upon forming the interface. The value of ionization potential (IP) is measured as the onset of HOMO edge versus vacuum level [14] . UPS measurements were performed using monochromatized HeI radiation (hν = 21.2 eV) in a spectrometer of our own design and construction [15] . The measurement sequence involved characterization of the bare substrates followed by stepwise deposition and characterization of molecular add-layers.
Hole-only devices were fabricated by thermal evaporation of organics and aluminum on Results and discussion is pinned at a charge transfer state that lies in the vicinity of HOMO energy, as illustrated in Fig. 1c . Note that these charge transfer states would be equivalent to socalled polaronic states in conjugated polymers [17] . The details of the observation that lead to the picture discussed in the paragraph above are presented below. Recently, similar results were reported for interfaces of semiconducting polymers spincoated onto a wide range of organic and inorganic substrates [4] . The effects of interfacial charge transfer have been discussed theoretically earlier [23] . The present results are consistent with these earlier predictions. A model of energy level alignment at the "atomically clean" metal-organic and organic-organic interfaces was recently proposed, where the interfacial electronic structure was interpreted in terms of an induced density of interface states (IDIS) [24] and [25] . For the interfaces of passivated substrates and molecular semiconductors, discussed in this work, the IDIS model does not appear to apply. This can be seen from abrupt change of the slope parameter, S, from 1 to 0 at the transition from vacuum level alignment to Fermi level pinning, when the work function of the substrate exceeds a certain material specific threshold value. In terms of density of states our experiments point to a model where the density of states in the semiconductor band gap peaks at the molecular charge transfer states, but is negligible elsewhere in the gap. Furthermore, for the substrate work function ranging from 4.8 eV to 5.2 eV (see Fig. 3 ) the formation of either large interfacial dipoles or lack thereof is observed, depending on the molecular semiconductor. Within IDIS model such behaviour of interfaces requires very different strength of the electronic coupling between Fermi states of the same substrate and different molecular semiconductors [18] .
The IDIS model has already been considered in the study of the interfaces prepared by in situ deposition of TCNQ and TTF. In both cases Fermi level pinning was observed and proposed to originate from a charge exchange between the molecular film and the substrates [26] .
Summary
Ultraviolet photoelectron spectroscopy has been used to reveal the energy level states, an interfacial dipole is formed, which inhibits the potential benefit of a high work function electrode.
